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TO 10-9 MILLDETER OF MERCURY 
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SUMMARY 

Fr ic t ion ,  wear, and welding charac te r i s t ics  of three binary a l l o y  systems 
were studied a t  ambient pressures from 760 t o  lom9 millimeter of mercury. 
Studies were conducted with nickel-oxygen, nickel- t in ,  and iron-sulfur a l loys .  

F r i c t ion  and wear s tud ies  were made with a hemispherical (3/16-in. r a d . )  
r i d e r ,  which s l i d e s  i n  a circumferential  path on t h e  f l a t  surface of a ro t a t ing  
metal disk of t h e  same material. The specimens were t e s t ed  at  various ambient 
pressures with a load of 1000 grams ( 2 . 2  l b )  , a s l id ing  ve loc i ty  of 28 t o  1800 
f e e t  per minute, and a temperature of 75' F. 

The incorporation of nickel  oxide (1.35 t o  7.50 percent) i n  e l ec t ro ly t i c  
nickel  resu l ted  i n  f r i c t i o n  and wear propert ies  i n  vacuum f o r  nickel,  which were 
charac te r i s t ic  of t h a t  experienced f o r  nickel-base a l loys  i n  a i r  a t  atmospheric 
pressure. 
reduced f r i c t i o n  and w e a r  of nickel i n  vacuum by a fac tor  of 10. 
lubr ica t ion  mechanism, however, is  not t h e  same f o r  t he  two a l loy  systems. The 
addition of various percentages of su l fur  (present as ferrous su l f ide )  t o  e lec-  
t r o l y t i c  i ron (0.01- t o  0.45-percent su l fur )  reduced f r i c t i o n ,  wear, and welding 
of e l ec t ro ly t i c  i ron  i n  vacuum ( mm Hg) . 

The addi t ion of t i n  (optimum 20-percent t i n )  t o  e l ec t ro ly t i c  nickel  
The fundamental 

INTRODUCTION 

The operation of mechanical devices i n  the  vacuum environment of space pre- 
sents  some spec ia l  problems i n  t h e  f i e l d  of lubricat ion.  The usefulness of con- 
ventional o i l  and grease lubricants  or lubr ica t ion  systems i n  space i s  l imited 
because of t he  high evaporation rates of some of these mater ia ls  i n  vacuum (refs. 
1 t o  4 ) .  
of o i l s  and greases. 
evaporation r a t e s  of conventional o i l s  and greases, they have l imited endurance 
l i v e s  tha t  of ten cannot be r e l i a b l y  predicted.  
ex i s t ,  and therefore  lubr ica t ion  failure of operating mechanisms may occur. 

In  some areas, solid-fi lm lubricants  may be successful ly  used i n  place 
Although solid-fi lm lubricants  do not exhibi t  t h e  high 

Potent ia l  problems i n  lubr ica t ion  

Lubrication f a i l u r e ,  e i the r  by evaporation or by wearing away of t he  lubr i -  
cant film i n  space, may r e s u l t  i n  inTimate contact of mating surfaces.  When such 



contact of conventional bearing, gear, or s e a l  materials occurs i n  an environment 
such as the  vacuum of space 
and m a s s  welding of contacting surfaces w i l l  probably r e s u l t  ( r e f s .  1 t o  3) .  
These fac tors  will be much greater  i n  vacuum than those normally encountered i n  
air where metal surface oxides and adsorbed contaminant films reduce t h e  possi- 
b i l i t y  of such intimate contact. 

t o  mm Hg), high f r i c t i o n ,  adhesive wear, 

Since these surface contaminants are not present i n  space and adequate ex- 
t e r n a l  lubr ica t ion  f o r  long-term appl icat ions may be a problem, it would be de- 
s i r ab le  t o  have self- lubricated components (bearings, gears, and s e a l s ) .  
components could have lubricants  within t h e  microstructure ( r e f .  5 ) ,  which would, 
therefore ,  give low f r i c t i o n  and wear and be capable of supplying a surface f i lm 
tha t  would prevent the  occurrence of mass welding i n  t h e  absence of a lubricant  
or i n  the  event of lubr ica t ion  failure.  

Such 

The reduction of f r i c t i o n  and wear of materials i n  oxygen-free environments 
has been achieved by the  addi t ion of inclusions o r  contaminants t o  t h e  s t ruc ture  
of these materials; these inclusions have been par t icu lar ly  successful i n  the  
grain boundary regions ( r e f .  1, pp. 8 t o  23, and r e f .  6 ,  pp. 93 t o  100). The 
addi t ion of mater ia ls  such as s i l i c o n  t o  nickel  (ref. 6) has produced two-phase 
s t ruc tures ,  one phase of w h i c h  furnishes a protect ive surface f i l m  t h a t  a c t s  t o  
reduce f r i c t i o n  and wear. A s  these exposed f i lms are worn away, new f i lms a r e  
supplied continuously from the  a l loy  s t ruc ture .  

I n  general, t he  manufacturers of bearing materials have attempted t o  obtain 
a l loys  t h a t  were f r e e  of inclusions and contaminants because of reduced fa t igue  
l i f e  with such a l loys  (refs. 7 and 8 ) .  I n  space appl icat ions,  fa t igue  failure 
may be of secondary importance (compared t o  lubr ica t ion  failure),  and some types 
of inclusions may be desirable  t o  help provide lubricat ion.  

The objectives of t h i s  invest igat ion were: (1) t o  determine whether a l l o y  
systems could be developed t h a t  would incorporate inclusions capable of t h e  re- 
duction of t he  welding tendency of metals i n  t h e  absence of surface oxides and 
adsorbed f i lms and ( 2 )  t o  determine t h e  f r i c t i o n  and wear cha rac t e r i s t i c s  of some 
of these a l loys  i n  vacuum t o  10-9 millimeter of mercury. 
systems were used i n  order that t h e  influence of a s ingle  a l loying consti tuent 
could be closely studied. 

Simple binary a l loy  

F r i c t ion  and wear experiments were conducted with a 3/16-inch-radius r i d e r ,  
1 which s l i d e s  on a 23-inch-diameter disk specimen. 

t h e  disk with a 1000-gram load, and surface speeds were varied from 28 t o  1800 
feet per minute. 

The r i d e r  was loaded against  

The duration of each experiment was 1 hour. 

APPARATUS 

The apparatus used i n  t h i s  invest igat ion i s  described i n  d e t a i l  i n  refer- 
The basic  elements of t h e  apparatus were the  ence 1 and is shown i n  figure 1. 

specimens (a ZZ-in.-diam. f l a t  disk and a 3/16-in.-rad. r i d e r )  mounted i n  a 1 
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vacuum chamber. The disk specimen was driven through a magnetic dr ive coupling. 
The coupling had two 20-pole magnets 0.150 inch apart  with a 0.030-inch diaphragm 
between magnet faces.  
coupled t o  a hydraulic motor. The second magnet was completely covered with a 
nickel-alloy housing (cutaway i n  f i g .  1) and was mounted on one end of t he  shaft 
within the  chamber. The end of t he  shaft t h a t  was opposite t h e  magnet contained 
the  disk specimen. 

The dr iver  magnet t h a t  was outside the  vacuum system was 

The r ider  specimen was supported i n  the  specimen chamber by an arm tha t  was 
mounted by gimbals and bellows t o  the  chamber. 
t a in ing  arm, away from the  rider specimen, was connected t o  a strain-gage assem- 
bly.  The assembly was used t o  measure f r i c t i o n a l  force.  Load was applied 
through a dead-weight loading system. 

A linkage a t  the  end of t he  re- 

Attached t o  the  lower end of the  specimen chamber was a 400-liter-per-second 
ionizat ion pump and a mechanical forepump with l iquid-nitrogen cold t raps .  
pressure i n  the  chamber was measured adjacent t o  t h e  specimen with a nude hot- 
cathode ionizat ion gage. I n  t h e  same plane as t h e  specimens and ionizat ion gage.  
was a diatron-type mass spectrometer (not shown i n  f i g .  1) f o r  determination of 
gases present i n  the  vacuum system. 
s tee l  c o i l  w a s  used f o r  liquid-nitrogen and liquid-helium cryopumping of t he  vac- 
uum system. 

The 

A 20-foot, 3/16-inch-diameter s ta in less -  

It has been establ ished i n  reference 9 t h a t  t he  ambient pressure of outer 
space (beyond 1200 km) is  between and m i l l i m e t e r  of mercury, and the  
pr inc ipa l  gaseous species present a t  these pressures are hydrogen and helium. 

The data  of f i gu re  2 indicate  t h e  oxygen p a r t i a l  pressures that are required 
f o r  t h e  dissociat ion of m e t a l  oxides a t  various temperatures. A t  a l l  oxygen 
p;nessures above t h e  curve, oxidation of metal will occur, while a t  a l l  pressures 
below t h e  curve, dissociat ion of t h e  oxide occurs i n  accordance with t h e  equation 
t h a t  accompanies the  curve. As t h e  temperature is increased, t h e  reac t ion  kinet-  
i c s  ( r a t e )  for t h e  formation of surface oxides is  increased. If t h e  oxygen pres- 
sure is  held constant, however, the tendency f o r  t he  oxygen t o  bond t o  t h e  metal 
w i l l  decrease, and at  some point (curve) t he  energy i s  great  enough t o  inhibit  
oxide formation. Examination of t he  data of figure 2 indicates  t h a t ,  a t  room 
temperature, i n  order t o  d issoc ia te  surface oxides and t o  prevent fu r the r  oxide 
formation on iron, oxygen p a r t i a l  pressures of t h e  order of millimeter of 
mercury a r e  required. 
k ine t i c s  of surface react ions a t  pressures above those t h a t  are necessary t o  
achieve dissociation. Since oxygen i s  absent i n  outer space, it would be des i r -  
ab le  t o  reduce oxygen p a r t i a l  pressures i n  space simulation chambers t o  a l e v e l  
where surface oxides could not form within the  period of experimentation. 

Figure 2 only indicates  a concentration e f f ec t  and not t h e  

Pressures of t h e  order of magnitude necessary t o  prevent oxidation of metals 
a r e  d i f f i c u l t  t o  achieve with present vacuum technology. It is, therefore ,  de- 
sirable t o  know t h e  gaseous species present i n  vacuum systems and t o  develop 
methods f o r  t he  removal of those materials t h a t  a r e  not present i n  a space envi- 
ronment. Mass spectrometer da ta  were, therefore ,  obtained i n  t h e  vacuum f r i c t i o n  
and wear apparatus with various pumping techniques; t he  data  obtained are pre- 
sented i n  f igure  3. Examination of t he  data  indicates  t h a t  considerable hydro- 

3 



gen ( Z ) ,  nitrogen (14), oxygen (16), hydroxyl (17), water (18) ,  carbon monox- 
ide ( 2 8 ) ,  nitrogen N2 (28) ,  and carbon dioxide (44)  are present i n  t h e  vacuum 
system. 
a simple bakeout a t  200' I?, t he  ambient pressilre decreased, and a considerable 
decrease i n  t h e  quant i t ies  of t h e  gases present was obtained. When l iqu id  n i t ro-  
gen was  used t o  cryopump the  system, a fu r the r  reduction i n  gas concentration was 
observed. When l iqu id  helium was used as t h e  cryopumping f l u i d ,  a l l  gas partial  
pressures were reduced below the  detectable  range ( s e n s i t i v i t y  of mass spectrom- 
e t e r  indicated by t h e  manufacturer t o  be 5.0~10-13 mm Hg) except water and hydro- 
gen. By purging the  vacuum system with dry nitrogen, p r io r  t o  pumpdown, a l l  de- 
tec tab le  gases were removed except hydrogen. The hydrogen concentration in-  
creased s l igh t ly ,  however, when a l l  other gases were removed. This increase was 
believed t o  be caused by an increased d i f fus ion  and desorption of hydrogen from 
the  metal chamber walls o r  reduction of t h e  p a r t i a l  pressure of t he  other gases 
in  the  system. 

(Numbers i n  parentheses are molecular weights divided by charge.) With 

SPECIMEN PREPARATION 

Casting Procedure 

The three  binary a l l o y  s e r i e s  used f o r  t h i s  invest igat ion included t h e  sys- 
t e m s  of nickel-oxygen, nickel-t in,  and iron-sulfur.  All specimen preparation was 
done a t  t h e  Lewis Research Center. The nickel-oxygen system was  prepared by t h e  
addi t ion of nickel  oxide t o  pure e l ec t ro ly t i c  nickel. The nickel  oxide (under 
200 mesh) was cold compressed in to  s lugs t h a t  were packed i n t o  the  center of a 
zirconium oxide crucible  and e l ec t ro ly t i c  nickel  packed around the  n icke l  oxide 
compacts. The furnace was then evacuated t o  mill imeter of mercury. The 
chamber was f i l l e d  with dry argon, and t h e  temperature was then r a i sed  t o  2750' F 
t o  m e l t  t h e  charge. After the  mater ia lmel ted ,  it was poured i n t o  a cold copper 
mold and was allowed t o  cool t o  room temperature. 

The nickel- t in  a l loys  were prepared i n  a manner similar t o  t h a t  used f o r  t he  
Compensation f o r  vaporization of t i n  i n  t h e  melting proc- nickel-oxygen samples. 

ess was made, and the  necessary adjustment i n  addi t ion of t i n  was included i n  
each charge. 

The iron-sulfur a l loys  were  prepared by the  addi t ion of i ron  su l f ide  slugs 
t o  e l e c t r o l y t i c  i ron.  The cast ing procedure was similar t o  t h a t  used i n  t h e  
preparation of t he  other two a l loy  ser ies .  

The cast ings f romthe  m e l t s  were machined in to  specimens, and samples were 
taken for chemical analysis  and metallographic examination. The chemical analy- 
s e s  for t h e  pr inc ipa l  a l loying elements were made, and the  compositions a re  pre- 
sented i n  t ab le  I. 

Specimen Finish and Cleaning Procedure 

The disk and r i d e r  specimens were of t he  sane mater ia l  i n  f r i c t i o n  and wear 
Before experiments and w e r e  f i n i s h  ground t o  a roughness of 4 t o  8 microinches. 
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each experiment, t he  disk and r i d e r  were  given t h e  same preparatory treatment: 
(1) a thorough r in s ing  with acetone t o  remove o i l  and grease, ( 2 )  a polishing 
with moist levigated alumina on a so f t  polishing cloth,  and (3) a thorough r ins -  
ing with t a p  water followed by dis t i l led water. 
of specimens was used. 

For each experiment, a new set 

RESULTS AND DISCUSSION 

The tendency f o r  clean metals or a l loys  t o  we ld  i n  vacuum is demonstrated by 
t h e  data  of f igure  4 obtained from reference 1. 
52100 welded r ead i ly  i n  vacuum once res idua l  surface oxides and contaminating 
films were worn away. A s  was observed i n  reference 1, mass welding or  seizure of 
metal surfaces did not occur i n  t h e  presence of surface oxides and other films; 
based on these r e s u l t s ,  an approach t h a t  can be taken t o  avoid such welding would 
be the  addi t ion of oxides t o  t h e  m e t a l  s t ructure .  Thus, a continuous supply of 
metal oxide would be avai lable  from t h e  s t ruc ture  t o  replace surface f i lms t h a t  
are worn away. 

The conventional bearing s t e e l  

I n  order t o  f a c i l i t a t e  the  study of individual a l loying const i tuents  on the  
f r i c t i o n ,  wear ,  and welding tendency of a l loys  i n  vacuum, simple binary systems 
were used. E lec t ro ly t i c  i ron  was first  selected as a base m e t a l ,  and i ron  oxide 
(Fe203) was added t o  a m e l t  of iron. The iron-oxygen system was selected because 
the  lower oxide of i ron  (FeO) i s  known (from t h e  iron-oxygen phase diagram) t o  
form. This oxide has been shown t o  have desirable  f r i c t i o n  properties.  The i ron  
oxide, however, was reac t ive ,  and chemical a t tack  of t h e  crucible  material oc- 
curred. Limited experimentation with d i f fe ren t  crucible  materials and a l t e r a t i o n  
of t he  cast ing procedures did not eliminate the  problem. 

Nickel-Oxygen System 

Elec t ro ly t ic  nickel  was then subst i tuted f o r  i ron as a base m e t a l ,  and 
nickel  oxide ( N i O )  was incorporated i n  t h e  s t ructure .  
dence of crucible  a t tack  was observed. 
corporated i n  the  s t ruc ture  of e l ec t ro ly t i c  nickel. 
(k0.08 percent),  together w i t h  the microstructure of each a l loy ,  is  presented i n  
figure 5. 

With nickel  oxide, no evi- 
V a r i o u s  percentages,of t h e  oxide w e r e  in- 

The n icke l  oxide percentages 

A hardness survey of t h e  surface of t h e  nickel  - nickel  oxide a l loys  indi-  
cated an average Rockwell hardness of B61 i n  the  n icke l  matrix. 
f i n e l y  dispersed nickel  oxide, there  was a s l i g h t  hardness increase. I n  those 
areas where la rge  nickel  oxide pa r t i c l e s  segregated, t h e  hardness approximated 
Rockwell B85. 
ing. 

I n  t h e  areas of 

The individual  oxide pa r t i c l e s  were t o o  small f o r  hardness checkT 

The f r i c t i o n ,  w e a r ,  and welding charac te r i s t ics  of these a l loys  were next 
All determined i n  vacuum, and t h e  r e s u l t s  obtained are presented i n  figure 6. 

t he  experiments of f i gu re  6 were s tar ted at  an ambient pressure of 10-9 millime- 
t e r  of mercury; however, considerable outgassing i n  some of the  experiments occa- 
s iona l ly  raised t h e  pressure t o  lom8 millimeter of mercury. 
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The coef f ic ien t  of f r i c t i o n  obtained with e l ec t ro ly t i c  nickel  was e r r a t i c .  
The maximum was 2.42; however, t h i s  w a s  measured a t  short  periods when f r i c t i o n  
data could be read. During the  pr inc ipa l  port ion of t he  experiment, considerable 
welding and weld breaking occurred and resu l ted  i n  rapid changes i n  f r i c t i o n  
readings. Wear measurements t o  t h e  r i d e r  specimen a f t e r  t he  experiment indicated 
a w e a r  of 5.28~10-3 cubic inch. A t r u e  measure of w e a r  under operating condi- 
t i ons  as described i n  t h i s  experiment i s  extremely d i f f i c u l t  t o  achieve, because 
metal is being transferred back and f o r t h  from one specimen t o  another continu- 
ously. Examination of both disk and rider surfaces a f t e r  t he  experiment revealed 
macroscopic pieces of t ransfer red  material on both specimen surfaces. 

Tin i n  nickel- t in  a l l o y  
compos it ion, per cent 

The addi t ion of various percentages of nickel  oxide t o  e l ec t ro ly t i c  nickel  

This f r i c -  
reduced both f r i c t i o n  and w e a r  of nickel  i n  vacuum ( f ig .  6 ) .  
f r i c t i o n  f o r  t h e  n icke l  - nickel  oxide a l loys  ranged from 0.5 t o  0.8. 
t i o n  i s  i n  the range of t h a t  which might be experienced with nickel-base a l loys  
i n  a i r  a t  atmospheric pressure (ref. 6 ) .  The rider wear decreased t o  l e s s  than 
half  that experienced with e l ec t ro ly t i c  nickel.  The t r ans fe r  of large quant i t ies  
of metal from one surface t o  another decreased with increase i n  nickel oxide con- 
t en t .  From t h e  r e s u l t s  with these al loys,  t h e  addition of nickel  oxide t o  n icke l  
seemed t o  decrease t h e  welding tendency i n  vacuum and t o  reduce f r i c t i o n  and wear 
t o  a l imi t  t h a t  would be experienced f o r  nickel-base a l loys  i n  air  a t  atmospheric 
pressure. The addi t ion of nickel  oxide t o  t h e  s t ruc ture  functions i n  a manner 
similar t o  t h a t  of t h e  surface oxides formed i n  air. The presence of t he  nickel  
oxide reduces welding, f r i c t i o n ,  and w e a r  i n  vacuum (where surface oxides are 
present) .  

The coef f ic ien t  of 

It es sen t i a l ly  subs t i tu tes  f o r  the  normal oxides. 
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Nickel-Tin System 

Rockwell hardness 

Although t h e  addi t ion of nickel  oxide t o  e l ec t ro ly t i c  nickel  improved per- 
formance i n  vacuum, f r i c t i o n  and wear were still  high. 
fo re  given t o  t h e  production of a s t ruc ture  that would be s e l f  lubricat ing.  
amination of t h e  physical propert ies  of various s o f t  metals indicated t h a t  t i n  
might be a desirable  m e t a l  f o r  vacuum lubr ica t ion  appl icat ions.  Tin has a low 
evaporation rate i n  vacuum, has good lubr ica t ing  charac te r i s t ics  as a t h i n  f i l m ,  
and, when alloyed with a base metal l i k e  nickel,  w i l l  produce a duplex s t ruc ture  
(ref. 10). 
phase. Various percentages of pure t i n  Were therefore  alloyed with e l ec t ro ly t i c  
nickel.  The microstructure of t he  nickel- t in  a l loys ,  together with compositions 
(k0.35 percent),  are presented i n  figure 7. 
pears i n  the  grain-boundary region w i t h  t h e  addi t ion of 5-percent t i n  t o  nickel; 
t he  nickel- t in  wa,s i den t i f i ed  by X-ray d i f f rac t ion .  As t h e  percentage of t i n  i n  
t h e  alloy is  increased, a continuous increase i n  concentration of t h e  nickel- t in  
compound occurs along t h e  grain boundaries. 
face revealed a general  increase i n  a l l o y  hardness with increasing t i n  content as 
shown i n  t h e  following table.  

Consideration was there-  
Ex- 

This duplex s t ruc ture  consis ts  of a hard matrix with a dispersed s o f t  

A nickel- t in  cmpound (Ni3Sn) ap- 

Hardness t e s t i n g  of t h e  a l l o y  sur- 

In  a l l  s t ruc tures ,  t he  nickel- t in  phase had an 

B6 7 

- 
10 

- 
B77 
- 

6 



average Rockwell hardness of C50. The r e l a t i v e  hardness of matrix and addition 
phases w i l l  be discussed later. 

The f r i c t i o n  and wear charac te r i s t ics  of the  nickel-t in a l loys  were next de- 
termined i n  vacuum 
addition of 5-percent t i n  t o  nickel  was su f f i c i en t  t o  decrease the coef f ic ien t  of 
f r i c t i o n  from 2.42 t o  0.22 (approximately, a f ac to r  of 11). 
t o  one-f i f th  of that obtained w i t h  pure nickel. These r e s u l t s  demonstrate that  a 
duplex s t ructure ,  when one phase i s  capable of surface flow, is  extremely effec- 
t i v e  t o  reduce f r i c t i o n  and w e a r .  The coef f ic ien t  of f r i c t i o n  was approximately 
the  same a t  5-, lo-, 15-, and 20-percent t i n .  A t  25-percent t i n ,  an increase i n  
f r i c t i o n  was observed that indicated that there may be optimums i n  phase concen- 
t r a t i o n s  necessary t o  achieve the minima i n  f r i c t i o n  coeff ic ient .  There was, 
however, a continuous decrease i n  wear with increased t i n  content. (The w e a r  de- 
creased from 5 . 2 8 ~ 1 0 ' ~  cu in.  for e lec t ro ly t i c  nickel  t o  0.01~10-3 cu in. f o r  25- 
percent t in-nickel  a l l o y  or a decrease i n  w e a r  by a fac tor  of 528.) 

mm Hg), and the  r e s u l t s  are presented i n  f igure  8. The 

The wear  decreased 

Since the nickel- t in  a l l o y  hardness increased with increasing amounts of 
t i n ,  t h e  r i d e r  w e a r  might be related t o  hardness e f fec ts .  I n  order t o  determine 
t h e  influence of hardness on a reference material, some f r i c t i o n  and w e a r  experi- 
ments were conducted with 52100 bearing s t e e l  i n  vacuum mm Hg). The 52100 
bearing s t e e l  had been hardened t o  various Rockwell-hardness levels .  The r e s u l t s  
obtained i n  these experiments are presented i n  figure 9. I n  general, a change i n  
hardness from Rockwell B92 ( C 1 2 )  t o  C62 had l i t t l e  influence on the  f r i c t i o n  and 
w e a r  of 52100 bearing s t e e l  i n  vacuum. The f r i c t i o n  observatfons agree w i t h  com- 
ments made i n  reference 11, where it i s  stated t h a t ,  f o r  a l l  clean m e t a l  sur- 
faces ,  t h e  f r i c t i o n  s h a l l  vary by a f ac to r  of less than 2. 
t a ined  i n  f igu re  9 cannot be considered t o  show a s igni f icant  hardness e f f ec t .  

The wear r e s u l t s  ob- 

With the  nickel  - nickel  oxide system, the pa r t i c l e s  of nickel  oxide were 
harder than nickel; it is  postulated that t h e  nickel  oxide, when moved out over 
t h e  surface,  served t o  maintain an in te r face  between the  nickel  surfaces.  With 
increasing oxide content, however, the  wear mechanism becomes one of abrasion 
with less adhesive w e a r  occurring. 
t i n  compound (NigSn) is the  harder phase, but unlike the classic copper-lead 
bearing a l l o y  of a duplex nature, t h e  harder phase has t h e  lower melting point. 
The basic surface-film requirement is a low shear s t rength,  Usually shear 
s t rength and hardness vary together. Shear s t rength  has been r e l a t ed  i n  a more 
fundamental manner, however, t o  melting point and t o  heat of fusion. Since the 
harder phase sus ta ins  greater contact pressures and has the  lower melting point,  
t h i s  phase is r ead i ly  softened and smeared over t h e  i n i t i a l l y  so f t e r  nickel-rich 
phase. As more nickel- t in  a l l o y  of the lower melting phase is added, a more con- 
tinuous f i lm i s  interposed at  the  in te r face ,  and wear decreases. The addition, 
however, of large amounts of t h i s  phase (25-percent t i n  i n  nickel)  r e s u l t s  i n  a 
loss of the thin-fi lm concept of s o f t  metal over hard matrix, and the  f r i c t i o n  
coef f ic ien t  represents  t h a t  of t he  basic compound (NigSn). 

I n  the case of nickel- t in  a l loys,  the nickel- 

Iron-Sulfur System 

Sulfur has been used f o r  sme time as an addi t ive t o  s t a in l e s s  steels t o  im- 
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I prove ease of machining these a l loys  (hence, t h e  term f r e e  machining). It has 
a l so  been used i n  various compounds as extreme pressure addi t ive t o  o i l s  and i n  
su l fur  hexafluoride as a reac t ive  gas lubricant .  It was ,  therefore ,  decided t o  
incorporate su l fur  i n  t h e  s t ruc tu re  of pure e l ec t ro ly t i c  iron, t o  determine the  
influence of su l fur  on the  f r i c t i o n  and wear charac te r i s t ics  of i ron  i n  vacuum. 
Since very small quant i t ies  of su l fur  are soluble within the  i ron  s t ruc ture ,  any 
sizeable additions of su l fur  t o  i ron should r e s u l t  i n  segregation of the  su l fur ,  
as i ron su l f ide ,  along t h e  grain boundaries. 

Various amounts of su l fur  were added, as i ron sulf ide,  t o  e l ec t ro ly t i c  iron, 
and the  microstructure of  each, together with the  composition ( t o  the  nearest  hun- 
dredth of a percent) a r e  presented in  f igure  10. Our examination o f  f igure  10 in- 
dicates  t h a t  su l fur  i s  present as iron su l f ide  within the  iron s t ruc ture  as wel l  
as along t h e  grain boundaries f o r  a l l  su l fur  containing melts. The considerable 
amount of su l fur  i n  the  0.45-percent iron-sulfur a l loy  resu l ted  i n  a s t ruc ture  
described i n  reference 1 2  as a "ce l l  membrane'' or enveloping s t ruc ture  because of 
t h e  pa t te rn  shown by i ron  su l f ide  i n  t h e  v i c i n i t y  of t he  grain boundaries. 

Some vacuum f r i c t i o n  and wear  experiments were next conducted with these 
iron-sulfur a l loys ,  as w e l l  as e l ec t ro ly t i c  i ron,  and the  r e s u l t s  obtained are 
presented i n  figure 11. With electrolytic iron, considerable welding and m a s s  
t r ans fe r  occurred; an accurate measure of f r i c t i o n  and w e a r  was d i f f i c u l t .  The 
type of wear and welding of pure e l ec t ro ly t i c  i ron  i n  vacuum is demonstrated by 
the  photomicrograph and surface p ro f i l e  t rac ings  of figure 1 2 ( a ) .  The addi t ion 
of as l i t t l e  as 0.01 percent su l fur  t o  i ron  resu l ted  i n  a decrease i n  t h e  welding 
tendency and a coef f ic ien t  of f r i c t i o n  of 0.38 was obtained f o r  t he  a l loy  a t  

millimeter of mercury. Further addi t ions of su l fur  t o  i ron  reduced the  co- 
e f f i c i e n t  of f r i c t i o n  t o  less than 0.3. The welding tendency of t h e  iron-sulfur 
a l loys  was observed v i sua l ly  t o  decrease with increasing su l fur  content; t h i s  re- 
s u l t  is p a r t i a l l y  i l l u s t r a t e d  by the  surface p ro f i l e  t rac ings  and photomicro- 
graphs of figure 12.  

I n  f igure  12 ,  f o r  e l ec t ro ly t i c  i ron,  a considerable mount of r i d e r  material 
welded t o  the  disk,  as evidenced by t h e  la rge  spikes or  peaks i n  t h e  surface- 
p ro f i l e  t r ac ing  and surface photomicrographs. When 0.45 percent su l fur  w a s  
added t o  i ron,  however, these spikes or peaks of t ransfer red  material are not ob- 
served. These results indicate  that su l fur  e f f ec t ive ly  reduces the  welding ten- 
dency of i ron  i n  vacuum. 

Since the  mechanism of lubr ica t ion  by su l fur  i n  i ron i s  one of surface flow 
of t h e  i ron  su l f ide  over t he  i ron,  a l t e r a t i o n  of parameters, such as s l id ing  ve- 
l oc i ty ,  temperature, load, e t c . ,  could influence t h e  r e s u l t s  obtained. For ex- 
ample, increase i n  these parameters tends t o  increase surface temperatures t h a t  
may r e s u l t  in:  (1) increased surface flow of i ron su l f ide ,  ( 2 )  melting of i ron  
su l f ide  a t  t h e  in te r face ,  and (3) dissociat ion of i ron  su l f ide  i n  Tracuum. The 
coeff ic ient  of f r i c t i o n  f o r  0.45-percent sulfur-iron a l loy  was therefore  deter-  
mined while one of these parameters, namely, s l id ing  velocity,  was varied from 
28 t o  1800 f e e t  per minute a t  an ambient pressure of 
The r e s u l t s  of t h i s  experiment a re  presented i n  f igure 13. A change i n  s l i d ing  
ve loc i ty  did not appreciably influence the  coeff ic ient  of f r i c t i o n .  
data obtained between 300 and 400 f e e t  per minute did not agree with t h e  values 

mill imeter of mercury. 

The f r i c t i o n  



obtained i n  figure 11. 
specimens, while those obtained i n  f igure  13 were obtained w i t h  a s ingle  s e t  of 
specimens f o r  a range of s l i d ing  ve loc i t i e s  f o r  short  in te rva ls .  

The da ta  of f igure  11 were obtained with separate s e t s  of 

The addition of su l fur  t o  metals, i n  general, tended t o  accelerate  oxidation 
( r e f s .  13 and 1 4 ) .  
sures (oxygen concentrations) on the  flriction charac te r i s t ics  of t h e  0.45-percent 
iron-sulfur a l loy ,  an experiment was conducted a t  ambient pressures from 760 t o  

m i l l i m e t e r  of mercury, and the r e s u l t s  are presented i n  f igure  14. The co- 
e f f i c i e n t  of f r i c t i o n  did not markedly change at  pressures where rap id  oxidation 
of the base m e t a l  occurred. A t  760 millimeters of mercury, where the oxide f i lm 
was copious, the  coef f ic ien t  of f r i c t i o n ,  however, remained less than 0.3. 

I n  order t o  determine the  influence of various ambient pres- 

SUMMARY OF RESULTS 

From t h e  data obtained i n  t h i s  invest igat ion with various a l loys  during 
s l id ing  contact i n  vacuum t o  10-9 millimeter of mercury, the following summary 
remarks can be made: 

1. S m a l l  concentrations of inclusions of s t ab le  const i tuents  t h a t  were capa- 
b l e  of surface flow provided interface films t h a t  were ef fec t ive  i n  the reduction 
of f r i c t i o n ,  w e a r ,  and surface welding. 

2. The presence of r e l a t i v e l y  small quant i t ies  of su l fur  (0.01 t o  0.45 per- 
cent)  as i ron  su l f ide  (mostly concentrated i n  t h e  grain boundary region of i ron)  
served t o  prevent t h e  occurrence of mass welding of contacting s l id ing  surfaces 
i n  vacuum. It a l s o  appreciably reduced both f r i c t i o n  and w e a r  of iron. 

3. A change i n  s l i d ing  veloci ty  and ambient pressure did not appreciably af- 
f e c t  the  coeff ic ient  of f r i c t i o n  obtained with 0.45-percent su l fur  in  iron. The 
surface f i lm could be maintained over a range of s l i d ing  ve loc i t i e s  (28 t o  1800 
ft/min) a t  
pressures where  oxidation occurred. 

millimeter of mercury, and t h e  f r i c t i o n  did not change at ambient 

4. The presence of t i n  i n  e l ec t ro ly t i c  nickel  reduced both f r i c t i o n  and 
wear. The f r i c t i o n  decreased by a f ac to r  greater than 10 and the wear decreased 
by a f ac to r  greater than 500. I n  some problem areas, t h i s  a l l o y  may be u t i l i z e d  
without t he  addi t ion of other a l loying agents. 

5. The presence of oxygen as nickel  oxide i n  e l ec t ro ly t i c  nickel  improved 
f r i c t i o n  and w e a r  propert ies .  

Lewis  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, February 5, 1963 
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TABU I. - COMPOSITION OF K G O Y  CASTINGS FOriMED 

I N  ZIRCONIUM OXIDE CRUCIBLE 

System 

Nickel - 
nickel  oxide 

1 Nickel-tin 

Iron - 
i ron  su l f ide  

L 

Alloying agent 

Nickel oxide 

Tin 

Sulfur added aE 
i ron  su l f ide  

Amount of alloying 
agent added, 

percent 

1.50 
2.00 
2.50 
3.00 
5.00 
6.50 

5.40 
10.80 
16.25 
21.0 
26.50 

0.020 
.040 
. loo 
.250 
.750 

Concentrat ion  
of agent i n  
f in i shed  

specimens, 
percent 

1.35 
1.77 
1.99 
2.52 
4.73 
6.08 

5.03 
9.65 
15.35 
19.65 
25.21 

0.011 
.028 
,054 
,145 
,450 

I 
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To i o n  pump 

F igure  1. - Vacuum friction and wear appa ra tus .  
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F i e r e  9. - Fr ic t ion  and wear of 52100 bearing s teel  s l i d i n g  on 52100 
bearing s teel  a t  millimeter mercury; s l i d ing  velocity,  390 f e e t  
per minute; load, 1000 grams; duration of run, 1 hour; temperature, 
75' F. 
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(a) Electrolytic iron. 
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0.025" 

(b) 0.447-Percent sulfur-iron alloy. 

Figure 12. - Surface profile tracings and photomicrographs. Sliding velocity, 390 feet per minute; load, 1000 grams; 
temperature, 15' F; In vacuum at lo-' m Hg. 
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